Objective: A relationship between T1r relaxation time and glycosaminoglycan (GAG) content has been demonstrated in chemically degraded bovine cartilage, but has not been demonstrated with quantitative biochemistry in human cartilage. A relationship has also been established between T2 relaxation time in cartilage and osteoarthritis (OA) severity. We hypothesized that T1r relaxation time would be associated with GAG content in human cartilage with normal T2 relaxation times. Methods: T2 relaxation time, T1r relaxation time, and glycosaminoglycan as a percentage of wet weight (sGAG) were measured for top and bottom regions at 7 anatomical locations in 21 human cadaver patellae. For our analysis, T2 relaxation time was classified as normal or elevated based on a threshold defined by the mean plus one standard deviation of the T2 relaxation time for all samples. Results: In the normal T2 relaxation time subset, T1r relaxation time correlated with sGAG content in the full-thickness and bottom regions, but only marginally in the top region alone. sGAG content decreased significantly with age in all regions. Conclusion: In the subset of cartilage specimens with normal T2 relaxation time, T1r relaxation time was inversely associated with sGAG content, as hypothesized. A predictive model, which accounts for T2 relaxation time and the effects of age, might be able to determine longitudinal trends in GAG content in the same person based on T1r relaxation time maps.
Introduction
Knee osteoarthritis (OA) is a debilitating disease that causes pain and limits mobility; cartilage degeneration is a major aspect of the disease process. At least 12% of US adults over age 60 have symptomatic knee OA 1 , and this percentage is growing due to an aging baby boomer generation, increased life expectancy and rising rates of obesity 2, 3 . Cartilage has a zonal architecture with collagen orientation and content and glycosaminoglycan (GAG) content changing through the depth. Early in the OA disease process, GAG concentration decreases, especially in the superficial layer, and as OA progresses, collagen orientation changes and collagen content decreases 4e7 . GAG content in cartilage decreases with increasing age 8 , and the incidence of OA increases with increasing age 9 . The development of non-invasive early detection methods is critical for assessing knee OA progression and monitoring prevention and treatment strategies.
Magnetic Resonance Imaging (MRI) can document age-related changes in knee joints and has promise as a non-invasive modality for the detection of early OA 10 . MRI can show changes in all of the joint tissues affected by OA, including osteophytes and bone marrow edema 11 . Many MRI methods have been proposed for early detection of changes in cartilage macromolecular content due to OA, including dGEMRIC, sodium, T2 and T1r MRI 12e15 .
T2 relaxation time is used to identify joint changes associated with OA. T2 relaxation time has been shown to increase focally in the radial zone of cartilage in patients with symptomatic OA 16 . In ex vivo cartilage specimens, T2 relaxation time was increased significantly with cartilage degeneration, and T2 relaxation time, in cartilage classified as moderate OA, was greater than T2 relaxation time in healthy cartilage 17, 18 . T2-weighted signal has also been shown to indicate OA severity 12, 19 , and T2 relaxation time to distinguish between radiographically healthy and OA knee joints 20 .
When measuring T2 relaxation time in cartilage, care needs to be taken to account for the magic angle effect. The magic angle effect occurs when imaging structures with highly aligned constituents, such as collagen fibrils in cartilage. Magnetic resonance (MR) signal strength and T2 relaxation time change depending on the orientation of the aligned collagen fibrils with respect to the main magnetic field (B 0 ) 21, 22 . In a study using MRI and polarized light microscopy, approximately 40% of depth-wise variation in T2 relaxation time was attributed to collagen fiber anisotropy 23 . Fibrillation in the radial zone, a decrease in anisotropy, has been shown to cause T2 relaxation time elevation 24 . T1r relaxation time is sensitive to protons on large macromolecules such as GAG; thus a direct relationship between T1r relaxation time and GAG concentration is expected, but has not been shown in human cartilage. Duvvuri et al. hypothesized that as fewer GAGs interact with fewer free water protons, T1r relaxation time would increase 13 . As expected, T1r relaxation time increased with decreasing GAG content in bovine cartilage following enzymatic degradation 13,25e27 . Previous human cartilage studies using specimens from total knee replacement patients found no correlation between GAG content (measured using histology) and T1r relaxation time 28, 29 .
T1r relaxation time could distinguish early OA from moderate and severe OA better than T2 relaxation time in ex vivo cartilage from total knee replacements, but T1r was not compared to GAG content using a quantitative biochemical technique 30 . Cartilage obtained from total knee replacements may be at a late stage of the OA disease process and therefore may not have the expected inverse correlation between T1r relaxation time and GAG content.
The relationship between T1r relaxation time and GAG content in human cartilage may be more accurately assessed with quantitative cartilage biochemistry. Recent editorials call for a thorough study of the T1r method and GAG content in human cartilage 31, 32 similar to the dGEMRIC method study by Bashir et al., which used biochemistry to measure GAG content 14 . If T1r relaxation time is correlated with GAG content in human cartilage, early detection of OA through a non-invasive, non-contrast-agent method may be possible. The purpose of this study was to quantitatively compare T1r relaxation time and GAG content, considering macromolecular changes through the cartilage depth, while accounting for subject age and T2 relaxation time. Elevated T2 relaxation time has been shown to be a marker for OA changes; however, we wanted to test whether T1r relaxation time could detect GAG content changes in cartilage with normal T2 relaxation time values. We hypothesized that T1r relaxation time would be associated with GAG content in human cartilage with normal T2 relaxation times.
Methods

Specimen preparation
Human cadaver fresh-frozen knee joints (mid-femur to mid-tibia) were obtained from the National Disease Research Interchange (Philadelphia, PA), Anatomy Gifts Registry (Glen Burnie, MD) and the University of California San Francisco Willed Body Program (San Francisco, CA). Twenty-one patellae were obtained from 13 males and 8 females ranging in age from 20 to 90 years old (median age 66 years old). Eleven specimens were from left knees and ten from right knees.
Healthy patellae and patellae with varied degrees of degeneration were accepted for the study; any patellae regions with full-thickness defects were excluded from the study.
The patellae were dissected from the knee joint and some of the bone was removed with a bandsaw to create a flat subchondralbone surface that was fixed to an acrylic plate using ethyl-2-cyanoacrylate adhesive (Krazy Glue, New York, NY). The acrylic plate was 5 cm square with two intersecting channels machined into the base. Between MRI studies and biochemical analysis, the specimens were stored on the plates surrounded by gauze soaked in phosphate buffered saline (PBS) and protease inhibitors at À20 C. Specimens were brought to room temperature prior to MRI and biochemical analysis.
MR imaging
For the MRI studies, the plate-mounted specimen was placed in a secondary container, which was filled with PBS containing protease inhibitors 33 ( Fig. 1) . The channels filled with PBS were bright in MR images due to the long T2 relaxation time of PBS and served as reference markers for image registration. MR imaging at 3 T was performed using a GE HDx system (GE Healthcare, Milwaukee, WI) with a transmit/receive quadrature wrist coil (Mayo Clinic Medical Devices, Rochester, MN). The patella was oriented with the normal to the subchondral bone surface perpendicular to B 0 ; subchondral bone was used as a surrogate for collagen fiber orientation, which was not measured in this study. The image plane was also oriented perpendicular to B 0 . A multi-slice, Fig. 1 . Patella specimens were imaged at 3 T using multi-slice, multi-echo 2D spiral sequences, and T1r and T2 relaxation time maps were computed using OsiriX. An axial image from one patella specimen mounted on the acrylic plate in the PBS bath is shown (a); the main magnetic field, B 0 , is out of the image plane. Representative T1r and T2 relaxation time maps are shown (b, c). multi-echo spiral 2D sequence was used to acquire T1r (spin locking frequency 500 Hz) 34 and T2 images 35 with 3.0 mm slice thickness, 0 mm slice spacing, 10 cm field of view, 0.3 mm in-plane pixel size and five echo/spin-lock times: 7, 21, 36, 65 and 124 ms. To determine the T2 relaxation time, the fifth echo was not used because the signal in the cartilage was not significantly different from the noise (T2 sequence fifth echo average SNR ¼ 1.4). T1r and T2 relaxation times were obtained using OsiriX 36 .
Biochemistry
For biochemical analyses, the specimen mounted on the acrylic plate was placed on a 3 mm Â 3 mm grid that matched the MR slice locations. Full-thickness plugs (3 mm diameter) of cartilage were removed from seven locations across the surface of the patella (Fig. 2) ; if any subchondral bone was present on the bottom of the plug, it was removed with a scalpel. The plugs were then cut in half to allow for an examination of differences between top and bottom regions. Note that the top and bottom samples do not correspond exactly to the superficial, intermediate and deep zones of cartilage. Results are reported for the top, bottom, and fullthickness (weighted-average of top and bottom into a single value) regions.
Each sample was weighed, dried at 50 C for 12 h and weighed again to obtain wet and dry weights. Each sample was digested in 1 ml papain solution overnight at 63 C and stored at 4 C. Total GAG content was quantified using the dimethylmethylene blue assay, which measures sulfated GAG using chondroitin sulfate as a standard 37 . Sulfatedlycosaminoglycan content as a percentage of wet weight (sGAG) was calculated. *P < 0.05. **P < 0.01. ***P < 0.001. P ¼ 0.063. Fig. 4 . sGAG content vs T1r relaxation time plots for the top and bottom samples of the normal T2 relaxation time subset: normal T2 relaxation time is defined to be T2 relaxation time less than the mean plus one standard deviation of the T2 relaxation time for all samples. The data for five specimens, representative of the whole data set, are shown (aee) along with the data for all normal T2 relaxation time specimens (f). The P-values and regression coefficients are determined for each specimen (aee). For the entire normal T2 relaxation time data set (f), the P-value is determined from the mixed effects model. The specimen plots illustrate the variability in the data; four specimens have significant correlations (a, b, d, e) and the other follows the same trend (c). 
Data collection and analysis
Seven regions across the surface of each patella were examined: center, lateral center, lateral inferior, lateral superior, medial center, medial inferior and medial superior. These were similar to the regions used by Lammentausta et al. 18 with the addition of the central region.
Seven regions on 21 patellae resulted in 147 potential data points. MRI regions of interest (ROI) were determined at the location corresponding to the biochemical measurement. In the plane of the 3.0 mm MRI slice, the ROI was approximately 3 mm wide and a minimum of 0.6 mm (2 pixels) tall; the height of the ROI varied with specimen thickness.
Data points were excluded due to imaging artifact, full-thickness defect or thin cartilage (fewer than 4 pixels through the depth of the cartilage), and potential magic angle interference 21, 22 . Thirty-four data points were excluded due to a bubble or other image artifact, full-thickness defect or thin cartilage. Two patellae (14 data points) and nine additional data points were excluded due to potential magic angle interference. When these patellae were viewed in the sagittal plane, the plane parallel to B 0 , large curvature of the subchondral bone surface resulted in an orientation angle greater than 10 from perpendicular to B 0 and possibly introduced magic angle interference. Of the original, possible 147 data points, 95 data points for the top region, 93 data points for the bottom region, and 90 data points for the full-thickness were included in the data analysis. Analyses were performed on all specimens and on the subset of specimens with normal T2 relaxation times. The mean T2 relaxation time plus one standard deviation, specific to each region, was used as a threshold to define specimens with normal and elevated T2 relaxation times. The T2 relaxation time threshold was 36 ms for the bottom, 43 ms for the top and 38 ms for the fullthickness regions. Bottom, top and full-thickness data points were analyzed separately; then, top and bottom data points were combined for analysis.
The effects of T1r and T2 relaxation times and age on sGAG content were assessed by univariate and multivariate mixed effects regression, with knee nested within cadaver as random effects. Regression R 2 was calculated by squaring the linear correlation between the model predictions and observed values. Correlations among T1r and T2 relaxation times and age were adjusted for clustering within knee. A P-value less than 0.05 was taken to be statistically significant. Statistical analyses were performed using Stata Release 9.2 (StataCorp LP, College Station, TX) and the statistical package R for Mac 2.8.0 (r-project.org).
Results
Correlations of T1r and T2 relaxation times, and age with sGAG
In normal T2 relaxation time specimens, with or without adjusting for the effects of age, T1r relaxation time (ms) correlated with sGAG content (% wet weight) in the full-thickness and bottom regions, but only marginally in the top region alone (Fig. 3 and Table  I ). The data varied from specimen-to-specimen, but the same trend was found across all specimens (Fig. 4) . sGAG content decreased significantly with age in all regions.
Similar patterns were found in all specimens (normal T2 relaxation time plus elevated T2 relaxation time; Fig. 5 ), with one exception (Table II) . For all specimens, T1r relaxation time was not correlated with sGAG content in the top region.
In normal T2 relaxation time specimens, with or without adjusting for the effects of age, T2 relaxation time (ms) did not significantly correlate with sGAG content except when both top and bottom regions were pooled (Table III) . This effect was due to a difference in ranges of T2 relaxation time values in the top and bottom regions, as illustrated in Fig. 6 for all specimens. A similar pattern was found when analyzing all specimens together (normal T2 relaxation time plus elevated T2 relaxation time; Table IV) .
Correlations among T1r and T2 relaxation times, and age
T1r and T2 relaxation times were moderately correlated for all included data points, but neither was correlated with age (Tables V and VI) .
Table III
Univariate and multivariate mixed effects regression of sGAG content with T2 relaxation time and age for the normal T2 relaxation time subset. Normal T2 relaxation time is defined to be T2 relaxation time less than the mean plus one standard deviation of the T2 relaxation time for all samples. The regression coefficients are given; the P-value for each regression coefficient is given in the footnote. .08*** 0.58 **P < 0.01. ***P < 0.001. #P > 0.10. P > 0.20. Fig. 6 . sGAG content vs T2 relaxation time linear regression plot for all top and bottom regions data points: When only the top region data points are analyzed, there is no relationship between sGAG content and T2 (grey triangles). When only the bottom region data points are analyzed, there is no relationship between sGAG content and T2 (black circles). When the top and bottom region data points are analyzed together, there is a correlation between sGAG content and T2 due to the difference in ranges of values in the two subgroups.
Discussion
We hypothesized that T1r relaxation time would be associated with GAG content in human cartilage that had normal T2 relaxation times. We found an increase in T1r relaxation time with decreasing sGAG content in our specimens with normal T2 relaxation times, supporting our hypothesis. Except for the top region, T1r relaxation time also increased with decreasing sGAG content in specimens with all T2 relaxation times. The relationship between T1r relaxation time and sGAG content when all T2 relaxation times were included was similar to that for the normal T2 relaxation time subset; which is likely due to the similar ranges of T1r relaxation time and sGAG content in the two groups. Given the variability of the data, one can draw conclusions only from the trends of the data. sGAG content decreased with age in both the normal T2 relaxation time subset and all T2 relaxation times data set in agreement with previous results 8 . Additionally, T2 and T1r relaxation times were moderately correlated in this study (Tables V and VI) , in agreement with the results of Taylor et al. 38 .
In our study, the T1r relaxation time interaction with sGAG content differed between the top and bottom regions of the cartilage. The relationship between sGAG content and T1r relaxation time in the top region was moderate in normal T2 relaxation time specimens, but did not exist for all T2 relaxation time specimens. In both the normal T2 relaxation time and all T2 relaxation time data sets, there was a statistically significant correlation in the bottom region. Without separating the cartilage into top and bottom regions, the depth-wise variation of the relationship between T1r relaxation time and sGAG content would not have been identified.
Biochemical analysis of sGAG requires aggregation of the sGAG content into discrete points through the depth, but histology, where the observation is continuous, can be compared to MRI through the depth. We were able to separate information through the depth into two discrete sections, but we were limited to only two cartilage sections by both the biochemistry and MR image resolution. A quantitative histology method, such as normalized carbohydrate region absorption could overcome this limitation 39 . In the biochemical method, wet sample mass equivalent to 4 mg or greater was required to have confidence in the measurement; we could not guarantee a sample mass greater than 4 mg with more than two sections through the thickness. In the image analysis, to avoid partial-volume averaging at the cartilage surface or the subchondral boundary, we could not guarantee more than 2 pixels through the thickness in each region with more than two sections. Given this limitation, we found the relationship between sGAG content and T1r relaxation time varied for top and bottom regions. T2 and T1r relaxation time did not increase with age as reported previously 16 , which may be a result of the age distribution of our samples. Most of our knee specimens were either young (<30 years old, n ¼ 7) or old (> 60 years old, n ¼ 11), with few specimens (n ¼ 3) within the 30e60 year age range. Our specimen pool does not necessarily represent the 30e60 year age range population; this could be a limitation in understanding changes in T2 and T1r relaxation times with age. Our model used T2 and T1r relaxation times, both of which can be altered by the magic angle effect. In this study, care was taken to exclude all samples possibly affected by the magic angle effect. The magic angle effect would increase T2 relaxation time, which could incorrectly cause a data point to be evaluated in the all T2 relaxation time data set.
Unfortunately, specimen history of joint disease, joint pain, or clinical measures of OA was not available; such information might have aided in our interpretation of the results. Instead, T2 relaxation time was used as a surrogate for classifying the degenerative state associated with OA. A direct, clinical measure of OA progression could add confidence to our T2 relaxation time classification. The mean T2 relaxation times for the normal T2 relaxation time subset was 27 ms for the bottom, 35 ms for the top and 32 ms for the full-thickness regions. These T2 relaxation times were similar to the mean T2 relaxation times for healthy cartilage (35 ms) reported for human cadaver specimens 17 . T1r and T2 relaxation times are promising indicators for noninvasive clinical measures of OA. In vivo T2 relaxation time increases with OA severity 20 , and in vivo T2 relaxation time is substantially less affected by cartilage orientation compared to ex vivo studies 40 .
This study shows that, in cartilage regions with normal T2 relaxation time, T1r relaxation time is inversely proportional to sGAG content. Although statistically significant, these findings alone do not indicate practical application of T1r relaxation time to predict GAG content in a clinical setting. Adjusting for T2 relaxation time and the effects of age, a predictive model might be able to determine longitudinal trends in GAG content in the same person based on T1r relaxation time maps. With such a model, T1r relaxation time maps might be able to evaluate changes in GAG content in vivo prior to the development of OA.
